The plant toxin ricin is a lectin that binds to D-galactose or lactose moieties by multivalent interactions. In the present work, this avidity was used to develop a novel sandwich glyco-immunoassay using a carbohydrate microarray. For realization, 6-azidohexyl-lactose was immobilized on an alkyne silane surface by Cu(I) catalyzed click chemistry. This procedure is fast, and prevents any nonspecific binding on the microarray surface. Ricin binds via its B-chain to the lactose moieties, and is detected by the biotinylated anti-ricin A-chain. By adding a horseradish peroxidase-labeled streptavidin, a chemiluminescence signal can be generated. This method is described as a sandwich-type glyco-immunoassay. The signal on the glyco-chip can be regenerated for at least 10 measurements. The limit of detection was estimated to be 80 ng mL -1 . The assay was carried out on the automated microarray readout platform MCR 3. In this way, it took 20 min for one measurement, including regeneration of the chip surface.
Introduction
Ricin is one of the most famous and potent plant toxins. 1 The oral lethal dose for humans is estimated to be 1 -20 mg/kg bodyweight. 2 It occurs worldwide, because it is an industrial side product of castor oil production from seeds of the castor oil plant. 3 Hence, its occurrence can hardly be reduced. This is problematic, because there is no antidote to ricin, and it has been tested as a bioweapon by terrorists and different governments. 4 Consequently, it is assigned to the highest priority in the chemical weapons convention (CWC). In addition to CWC, the biological weapons convention (BWC) prohibits the usage and storage of ricin as well. The Centers for Disease Control and Prevention (CDC) of the USA list ricin in the second-highest priority. 5 These facts indicate that preventative measures, as well as diagnostic and analytical methods are urgently needed. Especially for the poisoning of drinking water, terrorists might use ricin, because it is not destroyed by the normal chlorine content. 4 Ricin itself is a ribosome inactivating protein type 2 (RIP2) with a molecular weight of approximately 60 kDa. 6 Therefore, it is abbreviated as Ricinus communis agglutinin RCA60. Its quaternary structure is shown in Fig. 1 . The A-chain (RTA) is enzymatically active, and inhibits protein synthesis in target cells irreversibly. The ricin toxin B-chain (RTB) is a lectin domain that binds to glycan ligands with terminal D-galactose. 7 The RTA and RTB chains are linked by a disulfide bond to create an A-B structure. The dimer of ricin, Ricinus communis agglutinin RCA120, has an A-B-B-A structure, and is less toxic. In contrast to ricin, it is available commercially. Consequently, it can be used for a first assay development on a glyco-chip. RCA60 and RCA120 can be identified by mass spectrometry (MS). [8] [9] [10] For this purpose, the toxin and its agglutinin are isolated from the matrix. For tandem-MS methods, the proteins are digested enzymatically. These procedures take several hours.
Moreover, ricin is detected by immunoassays 11 in different matrices, like tissue, 12 nutrition 13 and environmental samples. 14 For example, the limit of detection (LOD) for a chemiluminescence (CL) ELISA is 0.1 ng mL -1 and the linear range is between 0.1 -1 ng mL -1 . 15 A detailed overview of existing methods for the detection of ricin is given for example by Pauly et al. 13 or Musshoff et al.
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For biosecurity screenings, automated systems are needed that are able to analyze biotoxins rapidly. Currently, such instruments are immunosensors that detect ricin and other toxic proteins. They allow the automated detection of ricin in the lower ng mL -1 range in approximately 15 min (Table 1) . For example, the fiber optic biosensor RAPTOR is able to detect ricin next to Staphylococcus enterotoxin B (SEB) and bacteria in 3 to 10 min at a concentration of 50 ng mL -1 . 16 Furthermore, a bidiffractive grating biosensor (BDG) is able to detect ricin together with SEB and botulinum toxin with a LOD of 5 ng mL -1 in 15 min. 17 In addition, the automated sandwich ELISA QTL-Biosensor 2200R can detect those three toxins with a LOD for ricin of 1 ng mL -1 in 10 min. 18 A hand-held SPR biosensor is able to detect 200 ng mL -1 in 10 min. 19 Instead of antibodies, terminal D-galactose can be utilized to capture ricin. The affinity between a lectin and a carbohydrate structure can be in the same range as an immunological interaction, since it was found for cholera toxin to be interacting with sialic acid.
reaction. This reaction yields the 1,2-trans glycoside. 22 The resulting 6-azidohexyl-lactose can be immobilized on an alkyne silane surface via a copper(I) catalyzed azide alkyne [3+2] cycloaddition (CuAcc). This CuAcc is also known as a click reaction. 23, 24 Recently, it has become more popular for the production of microarrays. 25, 26 The Munich Chip Reader 3 (MCR 3) is a stand-alone CL readout system for analytical flow-through arrays. 27 It has been used to detect 13 antibiotics in milk 28 and 4 antibiotics in honey 29 on multiplex microarrays already. Moreover, ochratoxin A from green coffee extract can be detected by the MCR 3 as well. 30 The milk samples as well as the honey and coffee extracts can be analyzed directly and automatically. All of these flow-through assays have used an indirect competitive immunoassay format. After each assay measurement, the detection antibodies were detached chemically from the immobilized analytes. The prepared hapten microarrays on glass slides were regenerable. Reusable microarrays have the advantage of a higher reproducibility by internal calibration of each microarray chip and the costs are reduced for each assay.
In this study, the concept of a reusable microarray chip for sandwich assays was investigated. Therefore, the toxic protein ricin as an analyte has to be detached from the capturing spot. To preserve the regenerability, the sugar residue lactose is immobilized instead of capture antibodies on the microarray chip surface. The presented sandwich glyco-immunoassay captures the B-chain over the immobilized carbohydrate. The A-chain of ricin was detected by using an antibody. With this regenerable sandwich assay format, ricin could be quantified with a detection limit of 80 ng mL -1 on the CL analysis platform MCR 3 in 13 min.
Experimental

Chemicals, RCA samples and buffer preparations
The water used for all aqueous buffer solutions was deionized and treated by a Milli-Q plus 185 system (Millipore, Schwalbach, Germany). All standard chemicals for the production of buffers and solutions were obtained from Sigma-Aldrich (Taufkirchen, Germany).
O-Proparglyoxy-N-triethoxysilylpropylurethane (PTSU) was purchased at ABCR (Karlsruhe, Germany). The streptavidin-horseradish-peroxidase label (SA-PolyHRP40) was obtained from Senova (Jena, Germany). The chemiluminescence substrate solutions of luminol and H2O2 came from Cyanagen (Westar Supernova ELISA, Bologna, Italy).
RCA120 was purchased from Sigma-Aldrich (Steinheim, Germany). RCA60 and anti-ricin A-chain R-18-1 was kindly provided by the Robert Koch-Institut in Berlin. The toxins were diluted in PBS and stored at -20 C. The antibody and RCA120 were labeled by using the EZ-Link-Sulfo-NHS-LC-biotin (Thermo-Scientific, Rockeyville, USA). RCA60 is toxic and has to be handled with caution. The contaminated items were autoclaved after usage. Solutions of the toxin were inactivated in a 5% sodium hydroxide solution over night.
Phosphate buffered saline (PBS) was a solution of 10 mM KH2PO4, 70 mM K2HPO4 and 145 mM NaCl (pH 7.6). The Tris-HCl buffer was a 1 M Tris(hydroxymethyl)-aminomethan solution (pH 8.5, HCl). The regeneration buffer was 0.1% w/v sodium dodecyl sulface (SDS) in PBS with 0.05% v/w Tween20 (pH 3, HCl).
Surface chemistry
Microarray modification for NHS-activated PEG-microarray chips was adapted from a previous publication, 31 and is described in detail in the supplementary information.
To perform the click chemistry, activated glass slides were silanized with PTSU. 31, 32 This reagent has a terminal alkyne group, and is shown in Fig. S2 in the Supporting Information. On one activated glass slide, 600 μL of PTSU was given. It was covered with a second one, and these sandwiches were incubated for 3 h and separated in ethanol. Finally, they were sonicated three times: first in ethanol, then in methanol and again in ethanol for 10 min. They were dried under a nitrogen flow, and stored in an exsiccator until the spotting process.
Microspotting of lactose moieties and flow-cell assembling
The synthesis of the 6-azidohexyl-lactose or 6-aminohexyl-lactose according to a known procedure 33 is described in the Supporting Information. The lactose derivatives were printed on the glass chips by a BioOdyssey Calligrapher MiniArrayer (Bio-Rad, Munich, Germany).
During the microspotting process, the air humidity was set to 50%, and the temperature on the plates was 20 C. The lactose derivatives were dissolved in solutions of the required coupling reagents.
For click chemistry, a freshly prepared solution containing 2 mM CuSO4, 40 mM sodium ascorbate, 5% glycerol in ultrapure water was used, 32 which reacts with 6-azidohexyl-lactose. For coupling of the 6-aminohexyl-lactose to the DAPEG-NHS surface, a disodium hydrogenphosphate buffer (0.5 M, pH 8.5) was used.
The negative control was a spotting solution without the lactose derivative. These solutions (30 μL) were provided in a 384-well-microtiter plate (Greiner, Frickenhausen, Germany). and two β-D-galactose ligands. 6 The structure was visualized by using the RCSB PDB Workshop 4.0.
The spotting pin SNS 12 (Arrayit, Sunnyvale, USA) places approximately 5 nL of the pyranose solution on the surface. For statistical purpose, 5 spots of the same composition were placed in one column. On each glass carrier, two active fields were prepared for two different flow cells at a distance of 4.5 mm.
One grid consisted of a column with 5 equal spots at a distance of 1100 μm. The distance between two columns was set to 1300 μm. The size of one lactose spot depends on the spotting conditions. For 1-mM-6-azidohexyl-lactose solution the diameter was ~200 μm, and for 10-mM solution it was ~600 μm. For regeneration and calibration measurements, one of the two flowcells on a glyco-chip was used exclusively. After microspotting, the slides were incubated at 25 C for 15 h. Then, the alkyne chips were gently washed three times in 50 mL tubes filled with ultrapure water. The activated DAPEG chips were blocked by sonication for 15 min in Tris-HCl buffer (pH 8.5). After drying the chips under nitrogen flow, they were prepared for the readout on an MCR 3.
The flow cell is assembled from three different materials. The microarray is fabricated on a glass substrate and has a dimension of 76 mm × 26 mm × 2 mm. The array surface is glued towards a black polymethylmethylacrylate slide (PMMA) with a double-sided adhesive foil (ARcare 90106). This foil was die-cut to build up two flow-through channels on the glyco-chip. The shape of the chip is described in detail elsewhere. 26 For the assembly, a special roller was used. It was fabricated by an in-house workshop. The flow cells were connected to the MCR 3 by inlet and outlet ports on the PMMA carrier. The height of 142 μm constitutes a volume of 43.3 μL in one flow cell and allows a laminar flow over the microarray surface. The detectable area of one microarray is 12 mm × 8 mm.
Instrumentation
The MCR 3 platform (GWK Präzisionstechnik, Munich, Germany) was used to read out the glyco-chips automatically. It provides a running buffer, reagents for CL readout and the regeneration buffer. The CL signal is detected by a CCD-camera, as described elsewhere. 26 In this way, 2D pictures are recorded. The CL signal intensity corresponds to the mean value of 10 pixels with the brightest signal per spot, and is referred in arbitrary units (a.u.). The spot analysis is described in detail elsewhere. 28 The MCR 3 is programmed by a connected laptop computer using LabVIEW 8.2 (National Instruments, Austin, USA). The same computer analyzes the 2D pictures as well.
A blank value was detected for each glyco-chip, which was used to correct the pixel irregularities of the CCD camera. For this purpose, the chip was flushed with running buffer before the first measurement, and a picture was taken for 1 min by the CCD camera. The resulting blank picture was subtracted from the measurement files. An analysis of the measurement data was carried out using the MCR ImageAnalyzer Ver. 0.3.2.1 (GWK Präzisionstechnik GmbH, Munich). The measured values for 3 -5 equal spots on one chip were averaged to obtain their mean value, and the corresponding standard deviation. This data are presented by using Origin7G (OriginLab Corp., Northampton, USA).
Comparison of surface strategies and regeneration study
For chip development, the signal intensities of 10 mM lactose spots were compared for two different surface preparations. The sample was 10 μg mL -1 biotinylated RCA120. Three different running buffers were tested: (PBS with 0.05% v/v Tween20), PBSB (PBS with 1% w/v BSA), and PBSX (PSB with 0.1% v/v Triton X-100).
The program for the microarray readout started with 500 μL biotinylated RCA120 sample running over the flow cell (10 μL s -1 ). After washing the surface with PBST, the streptavidin-horseradish-peroxidase label was pumped (1 μg mL -1 , 1000 μL, 100 μL s -1 ) into the flow cell. After another washing step, the CL substrates luminol (250 μL, 10 μL s -1 ) and H2O2 (250 μL, 10 μL s -1 ) were mixed in a syringe and pumped into the flow channel of the glyco-chip. The signal was recorded by a CCD-camera for 1 min.
For a regeneration study, the same protocol was used. After CL generation the glyco-chips were rinsed with running buffer again, and treated with an acidic regeneration buffer (4 mL). The removal was controlled by adding the HRP-label and the CL substrates to the flow cell again. The regeneration cycle was repeated 10 times.
Ricin analysis
For the calibration measurements, PBST (PBS, 0.05% Tween20) was used as a running buffer. The RCA samples in PBS had a volume of 1 mL. The program for the microarray readout started with 300 μL ricin sample running over the flow cell. Then, the remaining 700 μL of the sample was incubated with 700 μL biotinylated antibody R-18-1 (2.5 μg mL -1 ) in a loop. This mixture was pumped in portions of 50 μL (50 μL s -1 ) over the flow cell. Each portion was incubated on the glyco-chip for 10 s. After a washing step, the HRP-label was pumped (1 μg mL -1 , 1 mL, 100 μL s -1 ) into the flow cell, followed by another washing step. Then, the the CL substrates luminol (250 μL, 10 μL s -1 ) and H2O2 (250 μL, 10 μL s -1
) were added. The signal was recorded by the CCD-camera for 1 min. Finally, the flow cell and the tubing were flushed with a regeneration buffer (4 mL) and rinsed with the running buffer. The assay took 13 min until the signal of ricin was detected. The whole assay program took 20 min, including the regeneration step.
Results and Discussion
Surface chemistry and regeneration test with biotinylated RCA120
For immobilization of the lactose derivatives, two different surface chemistry approaches were carried out. The surface was silanized to yield terminal alkyne groups. On the alkyne surface, a Cu(I) catalyst was added to the spotting solution containing 6-azidohexyl-lactose. During the incubation period, a click reaction can take place on the glass chip. The surface does neither need to be activated nor inactivated and can directly be used for the microarray readout. Alternatively, the surface was functionalized with diamino-PEG (DAPEG) and activated by NHS-ester formation. On this surface, 6-aminohexyl-lactose was immobilized. After the printing process, the surface was blocked in Tris buffer. Hence, the immobilization procedure on the alkyne surface is faster than the DAPEG chemistry.
In Fig. 2 , the signal-to-noise ratio (SNR) is compared for the two surfaces. The SNR is the ratio of the CL signal and the negative control on the same chip. Biotinylated RCA120 (10 μg mL -1 ) was used as the sample, so no detection antibody was used. It was labeled with streptavidin-HRP in order to produce the CL signal. These measurements show that the signal intensity is higher for the click chemistry approach. The inert alkyne surface does not further react with the assay reagents and consequently allows a lower background signal. The low SNR for the DAPEG surface indicates that the activated surface is not completely inactivated by the Tris-HCl buffer. Hence, nonspecific binding occurs. Therefore, the alkyne surface was used to develop the analytical assay.
In order to moisturize the chip surface thoroughly, different additives for the running buffer were tested (Fig. 2) . PBS with 1% BSA (PBSB), 0.05% Tween 20 (PBST) or 0.1% Triton X-100 (PBSX) was used. PBST allowed the highest SNR for both surfaces. The regeneration of the lactose ligand was tested by measuring biotin-RCA120 10 times on the same glyco-chip (Fig. 3) . Between the measurements, the flow cell was flushed with a regeneration buffer. This buffer was prepared similar to protocols for hapten microarrays. 28, 30 It removes the captured protein, because the signal vanishes completely after the regeneration step. This is shown by labeling and recording the surface consecutive to the regeneration step. In the following sample measurement with biotin-RCA120, the signal can be recovered. Hence, the lactose is still available for binding the lectin. This can be repeated for at least 10 measurements of RCA120 in aqueous solution.
For these regeneration measurements, the signal deviation was calculated. On the one hand, the signals for 5 lactose spots (10 mM) for the same assay measurement possess standard deviations of 1 -6%. This low value of this internal standard deviation shows that the microspotting method is reproducible on the same chip. On the other hand, the signal intensity of each regeneration cycle on one glyco-chip varies with a standard deviation of 15% for 10 measurements. One cause for this deviation is the flow-through principle of the assay. In the flow-through measurements, the equilibrium state will not be reached for the interaction of RCA120 with the immobilized lactose. In order to assess the suitability for quantification measurements, a dose-response relationship was measured with ricin.
Performance of the sandwich glyco-immunoassay for the detection of ricin
The detection of RCA60 was carried out by a regenerable sandwich glyco-immunoassay on the MCR 3 analysis platform as shown in Fig. 4 . The analyte is injected with a syringe in the fluidics of the MCR 3 analysis platform. Ricin and the biotinylated detection antibody anti-RTA are incubated in a tube before the formed complex is given over the glyco-chip. The carbohydrate-binding site of the RTA binds to the immobilized lactose on the chip surface. For this step, the previously used continuous flow program did not yield any signal. This problem was solved by using a stopped-flow program. The flow cell was filled with 50 μL of the sample incubated with anti-RTA for 10 s. This was repeated for 20 times, so the entire sample was given over the chip surface.
The sandwich glycoimmunocomplex is detected at each spot where ricin is bound. The HRP label catalyzes the CL reaction where detection antibody is captured. After the CL measurement with a CCD camera, the ricin-antibody complex is removed from the surface with an denaturating regeneration buffer. The free lactose is active for the next analysis with ricin on the glyco-chip.
With the objective to optimize assay conditions, different concentrations of carbohydrate moities were used for the spotting process.
The 6-azidohexyl-lactose was used in concentrations of 1, 5 and 10 mM. The concentration of ricin was 0, 10, 200, 500, 700 and 1000 ng mL -1 . The resulting dose-response relationship is shown in Fig. 5 . The signal increases for 5 and 10 mM lactose compared to 1 mM lactose. However, the CL signal saturation is reached at 5 mM lactose. The concentration of 10 mM lactose does not increase the singal any more. This can be explained by saturation of the interaction between the lectin and the carbohydrate ligands.
For the 5-mM-lactose spots, a linear regression analysis was carried out. By using the student-t factor t (P, f) calculated by Excel with the confidence interval P = 95%, the LOD was determined to be 80 ng mL -1 . Hence, the limit of quantification (LOQ) was approximately 160 ng mL -1 . The resulting coefficient of determination R 2 was 0.99 for n = 5. This justifies the linear coherence. The recovery of the sample at 500 ng mL -1 was 107%, which confirms the linear signal dependency as well. Furthermore, this recovery shows the suitability of the glyco-chip for quantitative measurements.
Conclusion and Outlook
In summary, ricin can be detected within 13 min with a LOD of 80 ng mL -1 in PBS. This LOD would be sufficient to detect the minimal lethal dose for a child (20 kg) in one glass of water. Hence, the glyco-chip can be used to determine lethal amounts of ricin quickly. This assay time and LOD are in the range of other automated detection systems based on immuno recognition, as described in Table 1 .
Quantification was possible between 160 and 700 ng mL -1 . This range is small compared to other immunological methods, like a CL-ELISA, which covers one decade of the magnitude scale. Nevertheless, the sandwich glyco-immunoassay has potential as a qualitative screening method for the rapid detection of lethal amounts of ricin. Such a screening method would be economical, because the glyco-chips are regenerable and inexpensive. Consecutive to this work, real water and food samples have to be tested as well.
In the future, the presented glyco-chip can be used to detect other galactose-binding RIP2 proteins like abrin, viscumin or modeccin with the corresponding antibodies. A problem for developing multiplex glyco-chips might be the semi-selectivity of the lectin binding. The RIP2 homologues of ricin bind to galactose. 1 Moreover, several bacterial toxins bind to N-acetylgalactosamine, N-acetylneuraminic acid or galactose. 21, 34, 35 All of them would bind to the same carbohydrates on the chip. However, the sandwich glyco-immunoassay can determine the actual bound lectin due to the specific antibody interaction. The antibodies can be mixed with the sample successively. When the signal occurs, the correspondig toxin is within the sample. Therefore, a glyco-chip could be used as a rapid and cost-effective screening tool for ricin and other toxic lectins with the automatic readout in the MCR 3. 
Supporting Information
In the supporting information the synthesis of 6-azidohexyl-and 6-aminohexyl-lactose are described. Moreover, descriptions for glass slide activation and the DAPEG-NHS functionalization are given. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
